Toll-like receptors (TLRs) are crucial in innate recognition of invading micro-organisms and their subsequent clearance. Bacteria are not passive bystanders and have evolved complex evasion mechanisms. Staphylococcus aureus secretes a potent TLR2 antagonist, staphylococcal superantigen-like protein 3 (SSL3), which prevents receptor stimulation by pathogen-associated lipopeptides. Here, we present crystal structures of SSL3 and its complex with TLR2. The structure reveals that formation of the specific inhibitory complex is predominantly mediated by hydrophobic contacts between SSL3 and TLR2 and does not involve interaction of TLR2-glycans with the conserved Lewis X binding site of SSL3. In the complex, SSL3 partially covers the entrance to the lipopeptide binding pocket in TLR2, reducing its size by ∼50%. We show that this is sufficient to inhibit binding of agonist Pam 2 CSK 4 effectively, yet allows SSL3 to bind to an already formed TLR2-Pam 2 CSK 4 complex. The binding site of SSL3 overlaps those of TLR2 dimerization partners TLR1 and TLR6 extensively. Combined, our data reveal a robust dual mechanism in which SSL3 interferes with TLR2 activation at two stages: by binding to TLR2, it blocks ligand binding and thus inhibits activation. Second, by interacting with an already formed TLR2-lipopeptide complex, it prevents TLR heterodimerization and downstream signaling.
S. aureus | Toll-like receptor | immune evasion | innate immunity | crystal structure I n recent years, Staphylococcus aureus has become a major health threat to both humans and domestic animals. It is found as a commensal bacterium in ∼30% of the human population, but when it becomes infectious it can cause a wide diversity of diseases, ranging from mild skin infections to life-threatening invasive conditions such as pneumonia and sepsis (1) . Increased antibiotic resistance and a high amount of virulence factors secreted by S. aureus contribute to its emergence as a pathogen. Among these secreted virulence factors are the staphylococcal superantigen-like proteins (SSLs), a family of 14 proteins located on two genomic clusters (2) (3) (4) . Recently, we and others identified SSL3 as a potent inhibitor of Tolllike receptor 2 (TLR2) (5, 6) , an innate immunity receptor that is a dominant factor in immune recognition of S. aureus (7) (8) (9) (10) .
TLR2 belongs to a family of 10 homologous innate immunity receptors that are activated by pathogen-associated molecular patterns (PAMPs) (11) . TLR2 binds bacterial lipopeptides and lipoproteins. Subsequent formation of heterodimers with TLR1 or TLR6 leads to MyD88-dependent activation of the NF-κB pathway (12) . TLR2 has dual ligand specificity that is determined by its dimerization partner; stimulation by diacyl lipopeptides from Gram-positive bacteria, including S. aureus, induces the formation of heterodimers with TLR6 (13) , whereas triacyl lipopeptides from Gram-negative bacteria initiate formation of TLR2-TLR1 dimers (14) . The structural basis for lipopeptide specificity was revealed by crystal structures of TLR2-TLR1 and TLR2-TLR6 complexes with their respective lipopeptide analogs Pam 3 CSK 4 and Pam 2 CSK 4 : TLR2 binds two lipid tails in a large hydrophobic pocket, whereas the third lipid tail of triacyl lipopeptides is accommodated by a smaller pocket present in TLR1, but not in TLR6 (15, 16) .
The family of SSL proteins, including SSL3, share structural similarities to superantigens, but lack superantigenic activity. Interestingly, the functions that have been discovered for SSLs so far have all been linked to immune evasion. SSL5 inhibits neutrophil extravasation (17, 18) and phagocyte function (19, 20) , SSL7 binds IgA and inhibits complement (21) , and SSL10 inhibits IgG1-mediated phagocytosis (22, 23) , blood coagulation (24) , and the chemokine receptor CXCR4 (25) . In addition to SSL3, also weak TLR2 inhibitory activity was observed for SSL4 (5) , but it remains unknown whether that is its dominant function. This variety of immunomodulatory molecules and functions reflects the importance of the different components of our innate immune system in the defense against S. aureus (26) .
In this study we determined the crystal structures of SSL3 and the SSL3-TLR2 complex. In combination with mutagenesis and binding studies, our data provide a novel working mechanism of a functional TLR2 antagonist.
Results
Structure of SSL3ΔN. To study the structural basis for inhibition of TLR2 activation by virulence factor SSL3, we expressed and
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1502026112/-/DCSupplemental. purified SSL3ΔN, which lacks 133 N-terminal residues. Deletion of the N-terminal region proved essential to obtain crystals, but does not affect its activity toward TLR2 (Fig. S1A) . The crystal structure of SSL3ΔN, with two molecules in the asymmetric unit, was solved at 1.94 Å resolution ( Fig. S2A and Table S1 ) by molecular replacement. SSL3 exhibits the characteristic twodomain fold of superantigens and other SSLs (27, 28) . The C-terminal β-grasp domain (residues 228-326) contains a V-shaped binding site for sialyl Lewis X , which is conserved in SSL2-6 and -11 ( Fig. S3 A and B) (28) . The N-terminal OB domain (residues 134-227) displays well-defined but markedly different conformations for loops β1-β2 and α3-β4 (Fig. S2 B and C) . These conformational differences likely arise from crystal contacts, and suggest considerable flexibility of these loops in solution.
Structure of the SSL3ΔN-mTLR2 Complex. To facilitate expression and crystallization of TLR2, previous structural studies used constructs in which the C-terminal cap domain (LRRCT) together with one leucine rich repeat (LRR) had been replaced by a fragment of a hagfish variable lymphocyte receptor (VLR) (15, 29) . We successfully produced a mouse TLR2 (mTLR2) construct covering the entire extracellular region of the protein and crystallized it in a 1:1 complex with SSL3ΔN. The structure was solved to 3.2 Å resolution ( Fig. 1 and Table S1 ) using molecular replacement with the structures of SSL3ΔN and the mTLR2-VLR fusion (PDB ID code 2Z81) (15) .
Overall, the structures of TLR2 and SSL3 are well-defined ( Fig. S4 A and B) ; the N-and C-terminal regions of TLR2, however, display increased average temperature factors. The LRRCT domain of TLR2 is structurally similar to that of TLR3 (Fig. S4 C-F) , although 22 C-terminal residues appear disordered and could not be modeled satisfactorily. The observed flexibility of this region might, at least in part, account for the success of the VLR fusion approach.
After refinement of the TLR2 and SSL3 structures, residual electron density in the lipid binding pocket located between LRR11 and LRR12 suggested the presence of a phospholipid (Fig. S5A) . Subsequent native mass spectrometry analysis of TLR2 detected a mixture of phosphatidylcholine (PC) lipids with acyl chain lengths varying between 12 and 20 ( Fig. S5 B-H) . Apparently, PC binds sufficiently tightly as to remain associated with TLR2 during the purification process. The residual density in the lipid-binding pocket was subsequently modeled as PC, with its phosphoglycerol moiety positioned just inside, and its choline head group outside, the pocket.
In the crystal structure of the SSL3-TLR2 complex, SSL3 binds with its OB domain on the convex face of the characteristic horseshoe-like structure of TLR2 and partially covers the entrance of the lipopeptide binding pocket. Quantitative assessment of the SSL3-TLR2 interaction using the AlphaScreen assay (30) yields a binding affinity of 0.6 ± 0.4 nM (Fig. S3C) . The β-grasp domain of SSL3 does not contact TLR2; its Lewis X binding site is located more than 50 Å away from the nearest N-glycosylated asparagine in TLR2, a distance that cannot be bridged by a glycan antenna (Fig. S3D) . Formation of the TLR2-SSL3 complex does therefore not involve binding of TLR2 glycans to the Lewis X binding site of SSL3, but is mediated by protein-protein interactions only.
The SSL3-TLR2 Binding Interface. The interface between SSL3 and TLR2 buries 1640 Å 2 of solvent accessible surface and is predominantly hydrophobic in nature; it consists of TLR2 residues located in LRR11-LRR13, including helices H2-H4 and SSL3 residues in four loops of the OB domain as indicated in Fig. 1 . Three of these SSL3 loops differ in conformation compared with the structure of SSL3 alone (Fig. S2D ), suggesting that TLR2 binding is accompanied by considerable conformational changes in SSL3 (Fig. S2E) .
The SSL3 footprint on TLR2 is arc shaped and surrounds three sides of the entrance to the lipopeptide binding pocket ( Fig. 2A) . At one end of the arc, near helix H5, a continuous hydrophobic patch comprising SSL3 residues Phe156, Phe158, Leu160, and Pro194 interacts with TLR2 residues Phe349, Leu350, Gln375, Tyr376, and Asn379. In the center of the arc, a stretch of residues from the β2-β3 loop is positioned on top of TLR2 helices H3 and H4. Besides many hydrophobic interactions, this region contains the only hydrophilic interactions observed in the interface: Arg175 forms a salt bridge with Asp327, whereas hydrogen bonds are present between Arg175 and Ser329, and between Asn174 and His358. At the other end of the arc Trp163 stacks on Tyr323 in TLR2, whereas Leu211 and Lys213 have interactions with TLR2 residues Leu324 and Tyr326, respectively. TLR2 residues that contact SSL3 in the crystal structure are conserved between mouse and human TLR2 (hTLR2), except for a single Ser354Leu substitution at the periphery of the binding site. Therefore, the structures of the human and mouse SSL3-TLR2 complexes are likely very similar.
Mutagenesis of SSL3 and SSL4. To confirm the binding site observed in the crystal structure, we mutated SSL3 residues located in the interface to alanines ( Fig. 2A) . The effect of mutation on inhibitory capacity was measured through IL-8 production after MALP-2 stimulation of HEK cells stably expressing human TLR2-TLR6. Single mutants showed no or only minor effects, with at most a twofold decrease in SSL3 activity (Fig. S1 B-D) . Mutation of both Phe156 and Phe158 gave a 100-fold reduction (Fig. 2B) . If, in addition to Phe156 and Phe158, nearby residue Pro194 was also mutated, a further small decrease in activity was observed. Mutating a stretch of residues in loop β2-β3, Ile172, Asn174, Arg175, and Phe176 resulted in a moderate 10-fold decrease in activity. Complete loss of SSL3 function could be achieved by combining mutations of the Phe156/Phe158/Pro194 patch and the β2-β3 stretch (SSL3 − in Fig. 2B ). Mutation of Trp163 and nearby residue Leu211 had no effect on SSL3 activity (Fig. S1D) , suggesting that this region of the interaction surface does not contribute significantly to TLR2 binding. It appears that strong SSL3-TLR2 binding is the sum of many-mainly hydrophobic-interactions in which residues Phe156 and Phe158 play a prominent role. SSL3 and SSL4 show high sequential and structural homology, but substantially differ in their capacity to inhibit TLR2 (5). SSL3 residues important for TLR2 binding are poorly conserved in SSL4 (Fig. 2C ), which may explain the 100-fold less potency of SSL4 as a TLR2 inhibitor. The equivalent SSL4 residues in these OB domain loops, however, are also predominantly hydrophobic, and suggest that TLR2 binding involves the same site in SSL4. Additionally, the main-chain conformation of these loops in SSL4 is more similar to TLR2-bound SSL3 than free SSL3 itself (Fig. S2  D and E) . To investigate the difference in inhibitory capacity between the two proteins, we replaced amino acids in SSL4 by their counterparts in SSL3. Replacement of both Ile108 and Ile110 by phenylalanines results in a fivefold increased TLR2 inhibition (Fig. 2D) . Additional replacement of Val146 by proline enhances its function 20-fold compared with SSL4. Replacement of the β2-β3 stretch (Val124Ile, Asp125Asn, Tyr126Arg) on top of this has a minor additional effect, and generates an SSL4 mutant with the potency of SSL3 (SSL4 + in Fig. 2D ). The observed gradual increase of SSL4 potency upon progressive introduction of SSL3 residues confirms that the TLR2 binding sites of SSL3 and SSL4 are located at equivalent sites.
SSL3 Inhibits TLR Dimerization and Lipopeptide Binding. TLR2 activation vitally depends on the binding of bacterial lipopeptides and subsequent formation of TLR2-TLR1 or TLR2-TLR6 heterodimers. The mechanism of TLR2 inhibition by SSL3 could involve interference in either or both of these steps. From our structural data presented here, it is directly evident that SSL3 blocks productive dimerization; SSL3 binding extensively overlaps with the region of TLR2 that is involved in dimerization with TLR6 (Fig. 3A) as well as TLR1 (Fig. S6A) . Because dimerization is crucial for signaling, the functional consequence of SSL3 binding is that TLR2 stimulation by diacyl as well as triacyl lipopeptides is inhibited.
The structure of the SSL3-TLR2 complex furthermore suggests that binding of lipopeptides is inhibited, because SSL3 docks over the entrance to the ligand-binding pocket. However, an opening of ∼5 × 9 Å remains in the SSL3-TLR2 interface (Fig. 3B) , which is about half of the original entrance size. In our AlphaScreen assay we observed concentration-dependent inhibition of Pam 2 CSK 4 -TLR2 binding by SSL3, whereas the loss of function mutant SSL3 − had no effect (Fig. 3C ). These data show that the observed size reduction of the pocket entrance upon binding of SSL3 effectively inhibits lipopeptide binding to TLR2. bound PC is noticeably similar to the previously observed binding modes for the synthetic phosphatidylethanolamine derivative PE-DTPA (Fig. 4 A and B) and saccharolipid lipoteichoic acid (pnLTA) from Streptococcus pneumonia (16), ligands that have little or no ability to activate TLR2 (16, 31, 32 ). In these complexes and our structure (ignoring the presence of SSL3), the lipopeptide binding pockets display similar open conformations and the conformations of pnLTA and PE-DTPA appear to be compatible with binding in the TLR2-SSL3 complex (Fig. S6 B and C) .
These observations raise the question whether SSL3 can also bind if an activating ligand like Pam 2 CSK 4 is present-a scenario that would enable SSL3 to block TLR2 signaling even after a bacterial ligand is engaged. The binding modes of nonactivating ligands in TLR2 and Pam 2 CSK 4 in the TLR2-TLR6 complex are, however, completely different. In the latter complex the TLR2 pocket is nearly closed due to a conformational change of LRR10 and LRR11, and the glycerol moiety of the ligand is oriented differently with the head group cysteine bound in the so-called "sulfur site" (16); a conformation that would not be compatible with SSL3 binding (Fig. 4 A and B) .
To establish experimentally whether SSL3 is capable of binding a preformed TLR2-Pam 2 CSK 4 complex, we used native PAGE and visualized the presence of bound lipopeptide with fluorescent Pam 2 CSK 4 -rhodamine. Addition of Pam 2 CSK 4 -rhodamine to TLR2 generates a fluorescent band at the same height as TLR2 alone (Fig. 4C, panels 1 and 2) . Incubation of TLR2 with SSL3 followed by the addition of Pam 2 CSK 4 -rhodamine results in the appearance of a more slowly migrating, nonfluorescent band containing the SSL3-TLR2 complex (Fig. 4C, panel 3 ) as was confirmed by in-gel digestion mass spectrometry, whereas no complex is formed with the loss of function mutant SSL3 − (Fig. 4C, panel 4) . If, however, Pam 2 CSK 4 -rhodamine is allowed to bind TLR2 before addition of SSL3, we observe that the band corresponding to the SSL3-TLR2 complex is fluorescent (Fig. 4C, panel 5) , implying the formation of a SSL3-TLR2-Pam 2 CSK 4 triple complex. The existence of this triple complex was confirmed by native mass spectrometry (Fig. S7 A-D) . Furthermore, binding of Pam 2 CSK 4 to TLR2 does not affect association with SSL3 (Fig. S7E) . Therefore, SSL3 is indeed able to block TLR2 signaling after a bacterial ligand is engaged.
In view of the structural data presented above, TLR2 and Pam 2 CSK 4 within the triple complex must adopt a conformation typically observed for TLR2 bound to nonactivating ligands. Modeling shows that it is indeed possible to accommodate Pam 2 CSK 4 in the SSL3-TLR2 complex (Fig. 4B and Fig. S7F) . Combined, our data show that SSL3 is able to interfere with TLR2 activation at two stages: first, its binding to TLR2 prevents lipopeptide binding, and second, its binding to an already formed TLR2-lipopeptide complex prevents dimerization.
Discussion
Recognition of bacterial lipopeptides by TLR2 is critical for the defense against S. aureus. From the opposite perspective, inhibition of TLR2 by SSL3 is a powerful mechanism of S. aureus to survive inside its host. The crystal structure of the SSL3-TLR2 complex presented here shows that the highly hydrophobic binding interface is critically dependent on a set of seven SSL3 residues with prominent roles for Phe156 and Phe158. This set of seven residues appears to be highly conserved among SSL3s from different S. aureus strains, but is absent in SSL4, the closest SSL3 relative within the SSL family and itself a weak TLR2 inhibitor. Introduction of these residues in SSL4 enhances its capacity to inhibit TLR2 to a similar level as SSL3 (Fig. 2D) . Interestingly, in strain MRSA252(SAR0425), these residues are present in SSL4, whereas they are not conserved in SSL3 (Fig.  S8) , and, accordingly, SSL4 is the stronger TLR2 inhibitor (5). Possibly, this strain underwent a genetic recombination event in which its overall capacity to evade TLR2 activation has been preserved, underlining the importance of TLR2 evasion.
Sialyl Lewis X -dependent mechanisms have been described for functional activity of multiple SSL proteins, including SSL5 and SSL11 (27, 28) . The sialyl Lewis X binding site is fully conserved in SSL3, but its role in TLR2 inhibition has been unclear. SSL3 residue Arg308, previously described to be crucial for sialic acid binding, was found to be involved in, yet not crucial for, binding and activity of SSL3 (5). Yokoyama et al. (6) reported that mutation of Phe297-Glu298, residues also involved in Lewis X binding, results in decreased binding to cells, but has no effect on binding to TLR2 itself. Our crystallographic data show that the distance from the Lewis X binding site of SSL3 to the nearest N-linked glycosylation site in both mouse and human TLR2 is too large for interaction to occur (Fig. S3D) . Thus, glycan binding does not contribute directly to formation of the specific inhibitory complex, which is therefore exclusively mediated by protein-protein interactions. We hypothesize that the actual functional role of glycan binding is to increase the local SSL3 concentration on the immune cell surface, which is known to be rich in sialyl Lewis X sugars (33)-a preconcentration step that would lead to more efficient TLR2 inhibition.
In this study we show that SSL3 interferes in TLR2 activation at two stages: first, SSL3 inhibits binding of bacterial lipopeptides, and, second, if a lipopeptide has already been engaged by TLR2, SSL3 prevents the formation of TLR2-TLR1 and TLR2-TLR6 heterodimers. A critical aspect of the SSL3-TLR2 complex that enables this dual mechanism is the opening to the lipopeptide binding pocket that remains after SSL3 binding. SSL3 only blocks about half of the pocket entrance, and our experiments show that this is sufficient to inhibit lipid entry, but does allow for the accommodation of the head group of a lipopeptide that is already bound to TLR2 before SSL3 binding. Whereas this provides a functional role for the opening, it remains to be seen whether binding of SSL3 to a TLR2-lipopeptide complex is a prevalent pathway in vivo. Alternatively, the opening may also serve a different purpose-namely, enabling the binding of SSL3 to TLR2-phospholipid complexes. It has not been established that TLR2 associates with phospholipids in vivo; however, the presence of copurified PC in our TLR2 preparation suggests that this may well be the case. In this scenario, an opening to the binding pocket of TLR2 is required to prevent steric hindrance of nonactivating phospholipids upon binding of SSL3.
Unraveling the mechanism of TLR2 inhibition by SSL3 gives new insights in the host-pathogen interaction and provides new tools to study TLR2 receptor biology. Aberrant TLR2 activation is linked to several diseases, including acute and chronic inflammatory conditions (34) , making it an interesting therapeutic target. Our structural data provide a starting point for the development of SSL3 derivatives that could be used to block TLR2 activation in a therapeutic setting.
Materials and Methods
Expression and Purification of SSL3 and SSL4 Mutants. The SSL3 and SSL4 genes of S. aureus strain NCTC 8325 (SAOUHSC_00386 and SAOUHSC_00389) were used for construction of truncated proteins SSL3ΔN comprising residues 134-326, SSL4ΔN (residues 79-278), and mutants of SSL3ΔN and SSL4ΔN listed in Table S2 . All variants were expressed with a noncleavable N-terminal His 6 -tag in Escherichia coli Rosetta-gami(DE3)pLysS, refolded from insoluble fractions and purified as described (5) . Proteins were stored in PBS, and protein purity was determined as >95% by SDS/PAGE.
For crystallization purposes, SSL3ΔN was expressed with a cleavable N-terminal His 6 -tag and isolated following the same procedure. Tobacco etch virus (TEV) protease cleavage was performed overnight in 25 mM Tris-Cl buffer (pH 8.2) and 150 mM NaCl. After addition of imidazole to a final concentration of 10 mM, TEV protease and any residual undigested SSL3 were removed by filtration through a HiTrap chelating HP column. SSL3ΔN was ultimately purified by size-exclusion chromatography over a Superdex75 column (GE Healthcare) equilibrated in 10 mM Tris-Cl buffer (pH 8.2) and 150 mM NaCl, and concentrated to 12 mg/mL.
Expression and Purification of TLR2 Ectodomains. Ectodomains of mouse (Gln25-Ala588, NM_011905) and human (Lys19-Ala589, NM_003264) TLR2 were transiently expressed with the N-terminal His 6 -StrepII 3 -TEV tag in HEK293-EBNA1-S and HEK293-EBNA-1 cells, respectively (U-Protein Express BV) as described (5) . Protein yields were optimized by plasmid titration (35) , which indicated that transfections with 10-fold dilutions of expression plasmid in nonexpressing dummy plasmid improved TLR2 production approximately two-to threefold. Further improvement of protein yield was achieved by cotransfecting a PRAT4A (NM_006586) expression plasmid at a ratio of 1:40. Crystallization experiments with mTLR2 were preceded by removal of the purification tag with TEV protease as described for SSL3ΔN and gel filtration on a preequilibrated Superdex 200 column (GE Healthcare) with 10 mM Tris-Cl buffer (pH 8.2) and 150 mM NaCl. Crystallization and Data Collection of SSL3ΔN and the SSL3ΔN-mTLR2 Complex. SSL3ΔN crystals were grown at 292 K using sitting-drop vapor diffusion against a well solution containing 0.2 M potassium thiocyanate and 20% (wt/vol) PEG 3350. Crystals were cryoprotected in well condition containing 20% (vol/vol) glycerol before flash-freezing in liquid nitrogen. Diffraction data to 1.94 Å resolution were collected at the Swiss Light Source on the PX beamline. For crystallization of the SSL3-TLR2 complex, the individual proteins were mixed in a 1.1:1 molar ratio with final concentrations of 1.4 mg/mL and 3.8 mg/mL, respectively. Crystals were obtained through sitting-drop vapor diffusion against a well solution containing 0.1 M PCB buffer (pH 5.0; sodium propionate, sodium cacodylate, and Bis-Tris propane) (Qiagen) and 25% (wt/vol) PEG 1500. For data collection, crystals were cryoprotected in well solution containing 20% (vol/vol) glycerol before flash-freezing in liquid nitrogen. X-ray diffraction data to 3.2 Å resolution were collected at the PETRA III beamline (DESY). Details about structure determination and refinement procedures are included in SI Materials and Methods. Statistics of data processing and refinement are listed in Table S1 .
Cell Lines. HEK cells expressing TLR2 and TLR6 were obtained from InvivoGen and cultured in DMEM in the presence of 10 μg/mL blasticidin, 100 units/mL penicillin, 100 μg/mL streptomycin, and 10% (vol/vol) FCS.
Ligand-Induced Cytokine Production. HEK-TLR2/6 cells were seeded in 96-well culture plates. After reaching confluency, cells were incubated with the SSLs or SSL mutants for 30 min at 37°C. MALP-2 (Santa Cruz) was then added to a final concentration of 3 ng/mL. After 6 h, culture supernatants were collected and tested for IL-8 production using specific ELISA, following manufacturer's instructions (Sanquin).
Binding Studies. The AlphaScreen assay (Perkin-Elmer Life Sciences) (30) was used to determine TLR2-ligand interactions. Murine TLR2-Fc (R&D systems), final concentration 9 nM, was mixed with a concentration range (0.01-100 nM) of SSL3ΔN or SSL3ΔN − (FF156AA P194A INRF172AAAA) in PBS containing 0.05% human serum albumin. After 45 min, Pam 2 CSK 4 -biotin (Tocris) was added to a final concentration of 9 nM and incubation was continued for another 45 min. Next, 20 μg/mL of streptavidin donor beads and 20 μg/mL Protein-G acceptor beads were added and incubated for 45 min. Samples were measured at 680 nm in a CLARIOstar microplate reader (BMG Labtech). Native PAGE experiments were performed to study TLR2-ligand interactions as described (36) . Purified human TLR2 (7 μM, final concentration), in some cases preincubated with SSL3ΔN or SSL3ΔN − (40 μM) for 30 min at room temperature, was mixed with Pam 2 CSK 4 Rhodamine (20 μM, InvivoGen) and incubated for 18 h at 37°C. To examine whether ligand binding and SSL3 binding can simultaneously occur, first TLR2 and Pam 2 CSK 4 Rhodamine were allowed to bind for 18 h at 37°C, after which SSL3 was added. Samples were loaded on 12.5% native glycine gels and run for 3 h at 200 V. Rhodamine fluorescence was detected using a LAS 4010 imaging system (GE Healthcare) equipped with a 520-nm excitation LED and a 575-20BP emission filter. Subsequently, the gel was stained with Instant Blue protein stain (Expedeon).
